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Abstract
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Introduction—The baboon is a well-characterized model of human early stage atherosclerosis.
However, histological and morphological changes involved in atherogenesis in baboons are not
known. Previously we challenged baboons with a high-cholesterol, high-fat diet for two years and
observed fatty streak and plaque lesions in iliac arteries (RCIA).
Methods—We evaluated histological and morphological changes of baboon arterial lesions and
control arteries. In addition, we evaluated the vascular expression of CD68 and SMαA markers
with progression of atherosclerosis.
Results—We observed changes that correlated with extent of atherosclerosis, including increased
maximum intimal thickness. We demonstrated at molecular level the infiltration of smooth muscle
cells and macrophages into the intimal layer. Further, we observed histological and morphological
discordancy between the affected and adjacent areas of the same RCIA.
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Conclusion—Atherogenesis in baboons is accompanied by histological, morphological and
molecular changes, as in humans, providing insights to evaluate the mechanisms underlying early
stage atherosclerosis in target tissues.
Keywords
Atherosclerosis; Intima-media thickness; Smooth muscle cells; Macrophages
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INTRODUCTION
Atherosclerosis is a progressive, chronic inflammatory disease. The clinical end-point of
atherosclerosis is cardiovascular disease (CVD), primarily caused by thickening and/or
occlusion of large and medium-size arteries. CVD is the leading cause of death in the
developed countries and is projected to be the major cause of death in the world by 2030.1, 2
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Atherogenesis is a multifactorial process that is not well understood. Several hypotheses
describe events leading to initiation and progression of atherosclerosis.3, 4 The most
compelling hypotheses reviewed by Nakajima et al.5 concur that initial events during
atherogenesis include deposition of modified or oxidized remnant lipoproteins cholesterol
(ox-RLP-C) and LDL-C on the endothelial layer of the artery wall, expression of endothelial
lectin-like oxidized LDL receptors (LOX-1), internalization of ox-RLP-C, resulting in
endothelial dysfunction and expression of endothelial adhesion molecules; adhesion of
circulating monocytes onto the endothelium, entry of LDL-C and monocytes into the subendothelial space where LDL-C is oxidized and monocytes activated to macrophages;
expression of macrophage scavenger receptors, including LOX-1, internalization of oxidized
LDL-C and RLP-C by macrophages to form foam cells; production of pro-inflammatory
cytokines and connective matrix, conversion and proliferation of vascular smooth muscle
cells (VSMC) and augmentation of inflammatory response, cell apoptosis, and intimal
thickening. During these processes, atherosclerotic lesions, which are grossly and
microscopically heterogeneous, develop on the intimal arterial surface. In humans, the early
stage lesions are fatty streaks, which are not elevated on the intimal surface and contain
predominately smooth muscle cells. These lesions may advance to plaque lesions that are
elevated above the intimal surface and characterized by lipid-filled foam cells. The plaques
may progress to advanced atheroma with a fibrous cap, lipid cores and accumulated
connective matrices.6
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Among the animal models for atherosclerosis, nonhuman primates are closest to humans and
they are similar in many aspects of physiology, anatomy and genetics, and thus ideal for
translational studies. Animal models such as mice, rabbits and pigs, are less expensive to
maintain, engender minimal ethical concerns, and have contributed tremendously to our
understanding of mechanisms of atherosclerosis.7, 8 Although small animal models are less
useful in translational studies due to dissimilarities from humans, knowledge gained from
the small animal models inform nonhuman primate studies for translation to humans.
Baboons, in particular resemble humans in many physiological characteristics of lesions,
lipid metabolism, response to dietary challenge, and spontaneous development of lesions. In
addition, baboons develop atherosclerosis at many arterial sites as do humans, including
coronary, iliac, aorta and carotid arteries. Furthermore, baboons, like humans, exhibit
remarkable individual variation in atherosclerotic phenotypes9, allowing dissection of
functional mechanisms underlying initiation and progression of atherosclerosis for early
intervention and for precision medicine.
Previously we reported macro-histological characteristics of early atherosclerosis in baboons
challenged with a high cholesterol, high fat (HCHF) diet for two years, including the
composite correlation between lipoprotein concentrations and extent of lesions. The aim of
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our study is to address the micro-phenotypic variation of atherosclerotic lesions in baboons
challenged with a HCHF diet for two years, and elucidate individual variation in lipoprotein
and extent of atherosclerosis. Accurate assessment of individual atherosclerotic variation is
fundamental for: 1) identification of tissue-specific genetic and epigenetic factors that
underlie progression of atherosclerosis, which is not possible in humans; and 2)
identification of molecular biomarkers indicative of early stage atherosclerosis.
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To our knowledge no study has documented histological and morphometric variation of
atherosclerotic lesions induced by a HCHF diet for a prolonged period of time in baboons.
We report individual variation of atherosclerosis in right common iliac arteries (RCIA) by
assessing histological and morphometric variation of lesion types, and between the affected
and adjacent areas of RCIA. We hypothesized that maximum intimal thickness increases
with the extent atherosclerosis, and that the maximum intimal thickness of an affected region
is greater than that of an adjacent region. We chose to study the histology of atherosclerosis
in RCIA because in our previous study9 we observed significant atherosclerotic lesion
variation in this artery. In addition, previous studies have indicated that the extent of
atherosclerosis in iliac arteries correlates with atherosclerosis in coronary arteries.10

MATERIALS AND METHODS
Baboon humane care
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Adult baboons (Papio hamadryas) were maintained by the Southwest National Primate
Research Center (SNPRC) at the Texas Biomedical Research Institute (Texas Biomed),
which is accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care International. Practices in the housing and care of animals conformed to the
regulations and standards of the US National Research Council’s Guide for the Care and Use
of Laboratory Animals, Public Health and Safety Policy on Humane Care and Use of
Laboratory Animals, and the Guide for the Care and Use of Laboratory Animals. The Texas
Biomed Institutional Animal Care and Use Committee approved experimental protocols.
Dietary challenge
Baboons (n = 9) were challenged with a HCHF diet for two years. The HCHF diet contained
saturated fat (40% of calories) and 1.7 mg cholesterol/kcal. The dietary challenge protocol
has been described.9 In this study, we report microscopic evaluation of atherosclerotic
lesions in the nine baboons that were challenged with the HCHF diet.
Sample collection
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After two years of HCHF dietary challenge, the animals were euthanized using
pentobarbital, 100mg/kg (Vortech Pharmaceuticals LTD, Dearborn, MI). Arteries, including
RCIA were collected, carefully trimmed of all serosal fibro adipose tissue, opened
lengthwise, pinned on a flat surface, and fixed in 10% neutral buffered formalin.
Artery staining and digital quantification of lesions
Staining of arteries: RCIA were stained as described.6, 11 Briefly, the opened and pinned
RCIA were stained with Sudan IV (Sigma-Aldrich, St Louis, MO) in 40% isopropanol for
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18 hrs at room temperature. Tissues were rinsed twice in water and stored in 10% neutral
buffered formalin.
Visual grading and quantification of lesions: RCIA atherosclerotic lesions were
graded from stained specimens as described.6 The extent of lesions was quantified
previously9 using BioQuant Image Analysis software (BioQuant Image Analysis
Corporation, Nashville, TN).
Tissue sampling for microscopic histological characterization: Cross-sections
were excised from stained affected areas and adjacent unstained areas. The sections were
processed conventionally, embedded in paraffin, cut at 5μm, stained with Verhaeff van
Gieson to delineate the arterial layers, internal elastic lamina and elastin fibers. Three
samples for each phenotypic gross specimen, including a normal control were examined.
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Immunohistochemistry
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Immunohistochemistry (IHC) was performed on 5μm sections of the RCIA using standard
protocols.12 After optimization, we interrogated the localization of VSMC using smooth
muscle cell alpha actin (SMαA) antibody and CD68 for macrophages. Sections were
deparaffinized in xylene, rehydrated in descending grades of alcohol (100, 70, and 45%) to
water, immersed in citrate buffer [0.01 m citrate buffer (pH 6.0)], and heated to boiling for
10–15 min for antibody retrieval. After cooling for 15 min, the sections were rinsed in
potassium PBS [KPBS; 0.04 m K2HPO4, 0.01 m KH2PO4, 0.154 m NaCl (pH 7.4); seven
times, 6 min each)] and washed for 10 min in a solution of 1.5% H2O2/methanol and then
for 5 min in KPBS. Sections were placed in diluted (10%) normal serum for 20 min and
covered with primary antibody overnight at 4 C. After overnight incubation, sections were
rinsed in KPBS and incubated for 1 h at room temperature with secondary antibody. After
serial dehydration in 50, 70, 95, and 100% ethanol and Histoclear (three times, 2–5 min
each), sections were mounted and coverslipped (Histomount; National Diagnostics, Atlanta,
GA). Images were acquired with a SPOT cooled camera (Diagnostic Instruments, Inc.,
Sterling Heights, MI) at a magnification of ×100.
Measurement of maximum intimal thickness
The maximum intimal thickness for each section stained with Verhaeff van Gieson,
presenting a particular phenotype was measured using imageJ software (http://
rsb.info.nih.gov/ij/). Scaled digital images of tissue sections were imported to imageJ
software and the maximum intimal thickness (nm) measured perpendicular from internal
elastic lamina to the endothelial layer.
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Statistical analysis
Statistical significance between groups was tested using student t-test, p < 0.05.
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RESULTS
Baboon RCIA atherosclerotic lesion phenotypes
After a two-year HCHF diet challenge we observed two RCIA early stage atherosclerotic
phenotypes in baboons (Figure 1). The phenotypes were fatty streaks and plaque lesions.
The control tissue had no lesions. For tissues with fatty streaks or plaques, there are
contiguous regions with no lesions. The fatty streak lesions represent the initial stage of the
disease. Plaques are considered advanced lesions. Lesions were profound at the bifurcation
of the arteries.
RCIA histology and morphology
Histological and morphological variation of RCIA lesions are shown in Figures 2.
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Histologic changes in the fatty streak lesions were mild in nature and characterized by a
combination of degenerative and hyperplastic changes. In all three samples, the intima was
focally or multi-focally expanded by pale, loosely-arranged eosinophilic material, scattered
VSMC and fibroblasts, and fine, wispy elastin fibers. The internal elastic lamina was
variably duplicated or occasionally absent.
Histologic changes in regions adjacent to the fatty streak lesions varied. In two of the three
samples, the artery was histologically unremarkable. In the third, much of the internal elastic
lamina was duplicated and the intima expanded by pale, loosely-arranged eosinophilic
material, scattered VMSC, and fibroblasts. This is likely an extension of the lesion into the
adjacent, grossly normal-appearing tissue.
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Histologic changes in the plaque lesions were minimal to mild in nature and characterized
by extensive degenerative changes. In two of the three samples, the intima was expanded by
a mixture of dense, eosinophilic, homogenous material and pale, loose areas that contained
cells consistent with foamy macrophages, mononuclear cells, smooth muscle cells, and
fibroblasts, with rare fine, wispy, disorganized elastin fragments. Changes in the third
sample were similar, but extended into the media and were associated with scattered
basophilic material.
Histologic changes in regions adjacent to the plaque lesions varied. As in the adjacent areas
bordering fatty streak lesions, samples varied from being histologically unremarkable to
exhibiting minimal expansion of the intima by VSMC, fibroblasts, and increased elastic
fibers. This observation was consistent with an extension and reduction in severity of the
lesion into the adjacent grossly normal appearing tissue.
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Immunohistochemistry
Figure 3 shows the detection of (A) SMαA marker and (B) CD68 marker in different lesion
types in RCIA. SMαA was profoundly detected in the media layer of all lesion types and
adjacent regions. SMαA signal in the intimal layer decreased in parallel with progression of
atherosclerosis. SMαA was detected minimally on the plaque lesions. CD68 was only
detected on the neointima of the plaque lesions.
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Table 1 and Figure 4 depict maximal intimal thickness for the RCIA phenotypes. We
observed that the maximal intimal thickness increased with extent of atherosclerosis and that
the difference between the mean intimal thickness of varying lesions was significant. In
addition, we found a significant difference in intimal thickness between the affected and the
unaffected adjacent regions of the same artery.
The maximal intimal thickness was lowest in adjacent regions to fatty streak lesions
(27.98±5.29 μm) and greatest for the plaque lesions (257.35±64.94 μm). The maximal
intimal thickness for adjacent regions was significantly less than that of the affected regions.
In addition, the maximal intimal thickness for the control was significantly less than that of
fatty streak lesion, which was less than that for the plaque lesion.
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The extent of atherosclerosis was associated with intimal media thickness and concentration
of plasma lipids. Figure 5 shows a scatter plot depicting the extent of atherosclerosis
(measured by proportion of RCIA covered with lesions) and maximum intimal thickness.
We observed that maximum intimal thickness is strongly correlated with the extent of
atherosclerosis in baboons (Pearson correlation coefficient; r=0.83). Figure 6 shows the
correlation between lipid profiles concentrations and extent of atherosclerosis. The
concentrations of LDL-C, triglycerides (TG) and total cholesterol (TSC) were positively
correlated with extent of atherosclerosis while the concentration of HDL-C was negatively
correlated.

DISCUSSION
Author Manuscript
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Atherosclerosis is the primary cause of human CVD. Although the baboon is a wellcharacterized model for human atherosclerosis, very little is known about cellular changes
during initiation of atherogenesis in baboons. To our knowledge, the microscopic histologic
and morphologic changes characterizing the different types of early stage atherosclerotic
lesions in baboons challenged with a HCHF diet, have not been documented. Detailed
characterization of this phenotypic variation is fundamentally important to understand the
biological mechanisms that underlie early stage atherosclerotic lesions, and to develop
interventions to slow lesion progression to advanced fibrous plaques. The baboon naturally
develops atherosclerosis13, and, as in humans, exhibits modest serum lipid response to
HCHF diet, and susceptibility to atherosclerosis.14 Moreover, baboons show a great deal of
individual variation in response to a HCHF diet.9 In addition, unlike the murine model, the
baboon has the advantage of having lipoprotein metabolism similar to humans with a
predominance of non-HDL lipoproteins, human-like HDL subclasses, expression of
cholesteryl ester transfer protein15, as well as an immune system resembling that of humans.
16 We report, for the first time, the histological and morphological characterization of early
stage lesions in baboons. We note that there is a general increase in maximum intimal
thickness with extent atherosclerosis as well as an increase in disruption of the intimal
endothelial layer, degeneration of internal elastic lamina, and infiltration of cells, including
macrophages and VSMC.
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We previously observed that baboons challenged with a HCHF diet for two years developed
two lesion types, including fatty streaks and plaques, suggesting variation in response to a
stressor.9 These lesions were equivalent to Type II and III lesions that develop in young
human adults.4, 17 In addition, we reported the composite correlation between extent of
atherosclerosis and some lipidomic profiles.9 In the current study, we observed individual
variation in lipidemia that is correlated with extent of atherosclerosis as reported previously
in baboons and in humans.18, 19 This conclusion, together with similarities between baboons
and humans, reinforces the baboon as a suitable model for translational research on
molecular and cellular mechanisms that underlie human atherosclerosis.
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We analyzed the correlation between maximum intimal thickness and extent of
atherosclerosis measured, respectively, using ImageJ and Bioquant software packages. In our
assessment of maximum intimal thickness, we maintained perpendicular measurements to
avoid bias. Notably, measurement of maximum intimal thickness at different angles may
result in differences, which biases the data. Accurate and consistence assessment of artery
phenotypes is essential for subsequent experiments to discover biomarkers indicative of
early stage atherosclerosis and genetic mechanisms that influence initiation of
atherosclerosis. We observed for the first time, that maximum intimal thickness is strongly
correlated with the extent of atherosclerosis. This observation concurs with a human study
that indicated intimal thickness, measured by ultrasound is correlated with histology sections
for the thickness of intimal plaque.20
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Macrophages and VSMC play a significant role in the progression of atherosclerosis.21
VSMC display most plasticity among other vascular cells. In normal physiological
conditions, differentiated VSMC are quiescent in the media layer, where they provide
contractile properties to the tissue and express contractile proteins, including SMαA and
smooth muscle myosin heavy chain (SMMHC). Both of these proteins are markers of
mature differentiated VSMC. In response to endothelial injury, these markers are suppressed
and cells switch phenotypes from a contractile differentiated cell to a synthetic proliferative
cell, a phenomenon also known as dedifferentiation, whereinafter the cells migrate to the
intimal layer and proliferate.22–24 In the case of macrophages, there is extensive evidence
that monocyte-derived macrophages localize in the neointima where they are activated to
play a pivotal role in progression of atherosclerosis.25
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In our study we evaluated the expression of SMαA and CD68 in relation to the progression
of early stage atherosclerotic lesions. We posited that the SMαA marker will be less evident
in plaque lesions compared to control, fatty streak lesions and adjacent regions, and that the
macrophage marker will be detected in the lesions. CD68 was only detected in plaques. We
observed that SMαA was significantly reduced in the intimal layer of the plaques compared
to the control, fatty streak lesions and adjusted regions. This observation concurs with our
hypothesis and the central dogma of VSMC phenotype switching. SMαA marker is
expected to be sparsely detected in the lesions due to switching of the VSMC phenotype
from contractile to a proliferative phenotype and migrating to intima layer in response to
endothelial dysfunction. In addition, we are aware of recent studies that have indicated that
VSMC in the intima are the result of differentiation of progenitor cells resident in the tissue
or from bone marrow26, and/or transdifferentiation from other vascular tissue cells.27 The
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later observation is controversial, potentially due to the different cell tracing techniques used
for these studies.28–30
The lack of detection of the CD68 and presence of SMαA in the intima layer of fatty streak
lesions shows the characteristics of an intermediary phenotype between control and plaque
lesions. We demonstrate for first time in vivo in nonhuman primates the suppression of
SMαA parallel to progression of atherosclerosis and our results provide potential insight on
the role of VSMC in early stage atherosclerosis.
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In conclusion, we observed development of early stage atherosclerosis in baboons in
response to a two-year HCHF diet challenge, manifested by progressive disruption of the
endothelial layer; increase in the number of macrophages, lipid-filled or without, in the
intimal layer; and migration of VSMC from media to intimal layer of the plaque lesions. We
observed morphological differences between the affected and adjacent regions of the same
RCIA, including decreased number of contractile smooth muscle cells in the intimal layer
and increased maximum intimal thickness in the affected regions compared to adjacent
regions. In addition, we observed a positive correlation between maximum intimal thickness
and extent of atherosclerosis. The results from this study document histological
characteristics of, and variation in, early stage atherosclerotic lesions in baboons. This is a
first step toward understanding the molecular factors underlying initiation and progression of
atherosclerosis for the purpose of discovery of novel targets to prevent and treat
atherosclerosis.
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Figure 1:

Baboon RCIA atherosclerotic phenotypes identified after 2-year HCHF diet challenge.
Arrows indicate diseased and adjacent healthy regions. Lesions stained red with Sudan IV.
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Figure 2:
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Validation of RCIA phenotypes: Cross-sections of the control, affected and adjacent regions
stained with Verhaeff van Gieson displaying arterial layers: intima, and media layers). Arrow
indicates fiber-like internal and external elastin lamina; arrow heads denote intimal. Solid
line indicates the intimal layer; Dotted line indicates media layer.
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Figure 3:

(A) Detection of vascular smooth muscle cell contractile phenotype marker (SMαA) and (B)
macrophage marker (CD68) in early stage atherosclerotic lesions in baboons by
immunohistochemistry. Brown stain indicates the detection of SMαA or CD68. Blue stain
deficit the nucleus of vascular cells. The arrow indicates the elastic lamina.
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Figure 4:

Baboon RCIA intima-media thickness after 2-year diet challenge with HCHF diet. X-axis
denotes RCIA phenotypes; y-axis indicates mean ± SD of intimal thickness (um). Values
embedded on bars depict sample sizes.
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Figure 5:

RCIA intimal thickness correlates with extent of atherosclerosis. X-axis denotes proportion
of area covered with fatty streak lesions measured by digital computation using Bioquant
Image Analyzer. Intimal thickness measurements are shown on the y-axis.
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Figure 6:

Correlation between percent extent of lesions in RCIA and serum lipid concentration in
baboons (n=9) challenged with HCHF diet for two years. r = Pearson correlation coefficient.
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Maximum intimal thickness of the lesions and the adjacent regions in baboon RCIA measured after two-year
HCHF dietary challenge.
Baboon #

Lesion (μm)

Adjacent Region (AR) (μm)

Fatty streak

AR of a fatty streak

1

100.62

26.09

2

104.97

23.9

3

65.64

33.95

Mean ± SD

90.41±21.56

27.98±5.29

Plaque

AR of a plaque

4

238.75

35.8

5

203.75

26.54
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6

329.56

24.85

Mean ± SD

257.35±64.94

29.06±5.90

Control
7

58.29

8

56.14

9

51.00

Mean ± SD

55.13±3.73
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